Introduction
============

Mutations in the dysferlin gene (*DYSF*) cause myopathies including Miyoshi myopathy (MM), limb girdle muscular dystrophy type 2B (LGMD2B), and distal anterior compartment myopathy[@ref1] ^,^ [@ref2] ^,^ [@ref3], which are collectively called the dysferlinopathies. From the results that dysferlin accumulates at sarcolemmal injury sites in a Ca^2+^-dependent manner, dysferlin is thought to be involved in membrane resealing [@ref4], and insufficient sarcolemmal repair caused by dysferlin deficiency is thought to be closely related to the muscle degeneration in dysferlinopathy. To explore the molecular mechanism of dysferlinopathy, previous studies utilized primary cultured myoblasts and myotubes established from human muscle biopsies [@ref5] ^,^ [@ref6].

Here, we show insufficient plasma membrane repair in fibroblasts from dysferlinopathy patients and SJL mice expressing truncated dysferlin. We also demonstrate that mutant fibroblasts do not form membrane blebs in response to hypotonic shock, which is clearly observed in normal fibroblasts. Sinnreich *et al.* reported that the proteasome inhibitor increased mis-sense mutated dysferlin in human myoblast cultures [@ref6]. We found that proteasome-specific inhibitor MG-132 can increase the levels of the truncated dysferlin protein in SJL fibroblasts and mis-sense mutated dysferlin in the patient fibroblasts. In addition, the salvaged mutant dysferlin can efficiently restore membrane blebbing. Our results suggest the possibility that fibroblasts can be used as a research tool for dysferlinopathy, and that proteasome inhibitor may be a potential treatment for dysferlinopathy patients harboring truncated or mis-sense mutated dysferlin.

Materials and Methods
=====================

**Ethics Statement**

All experiments involving human specimens were approved by the Research Ethics Committees of the National Institute of Neurology and Psychiatry (NCNP) and the National Institute of Advanced Industrial Science and Technology (AIST), and were performed in accordance with their guidelines. All experiments involving animals were approved by the Institutional Animal Care and Use Committee of AIST and performed according to the Procedure for Handling Experiments involving Animals of AIST.

**Primary fibroblast cultures**

We obtained three human primary fibroblasts from NCNP BioBank, along with the required IRB approval. Control fibroblast has no mutation in *DYSF*. Mutations in *DYSF* of two patient fibroblast cultures were summalized in Tabale 1. For isolation of mouse fibroblasts, SJL mice on a C57BL/6J background (SJL/B6) that were obtained by crossing SJL/J and C57BL/6J mice for more than 10 generations were used. Genotyping of the SJL/6J mice was performed as previously described [@ref7]. Skins from SJL/6J and C57BL/6J mice were minced and then trypsinized in 0.25% trypsin (Sigma) containing 0.4% collagenase type II (Gibco). The trypsinized skins were pelleted down by centrifugation and resuspended in Dulbecco's modified Eagle's medium MEM (DMEM; Sigma) containing 10% fetal bovine serum (FBS; Gibco) [@ref8]. All fibroblast were cultured in DMEM containing 10% FBS at 37 ℃ and 5% CO~2~ in a humidified incubator. Mouse fibroblasts up to passage 3, which grow rapidly, were used in the experiments.

**Immunoblotting**

Cells were lysed in sample buffer containing 62.5 mM Tris-HCl/pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol and 0.002% bromophenol blue, and sonicated briefly on ice. Lysates were separated by electrophoresis on 5-20% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes (Hybond ECL, GE Healthcare). Membranes were subjected to immunoblotting with the anti-dysferlin monoclonal antibody (NCL-Hamlet and NCL-Hamlet-2, Leica, 1:1000) and anti-GAPDH rabbit polyclonal antibody (G9545, Sigma, 1:1000), followed by incubation with ECL (GE Healthcare). Detection was performed using the ChemiDoc^TM^ XSR system (Bio-Rad). Densitometric analysis was performed using FIJI (http://fiji.sc/Fiji).

**Immunocytochemistry**

Fibroblasts were fixed in 2% paraformaldehyde for 10 minutes and permeabilized in 0.1% Triton X-100 for 5 minutes at room temperature. Nonspecific immunoreactions were blocked by a 1 hour incubation with 5% goat serum and 2% bovine serum albumin in PBS. Cells were incubated with the anti-dysferlin mouse monoclonal antibody (NCL-Hamlet, 1:300) for 2 hours at 37 ℃, followed by incubation with Cy3-labeled anti-mouse IgG (Jackson Laboratories, 1:500) for 1 hour.

**Membrane repair assay**

Human and mouse fibroblasts were plated onto glass-bottom dishes (Matsunami Glass). Before laser wounding, cells were rinsed with Tyrode solution containing 10 mM HEPES, 140 mM NaCl, 5 mM KCl, 2.5 mM CaCl~2~ and 2 mM MgCl~2~, and then incubated in the same solution containing 2.5 mM FM1-43 (Molecular Probes). Fibroblasts were wounded by irradiating a 10 mm (human) or 6 mm (mouse) diameter circular area of the plasma membrane at 100% maximum power for 20 sec (405-nm UV laser) using the laser confocal microscope FLUOVIEW FV1000MPE (Olympus). Images were captured at 5-second intervals. Resealing analysis based on the kinetics and extent of FM1-43 entry through open disruptions was carried out as previously described [@ref4].

**Hypotonic shock**

Human and mouse fibroblasts were plated onto glass-bottom dishes. Before hypotonic osmotic shock, cells were rinsed with Tyrode solution. For creating hypotonic osmotic shock [@ref5], cells were exposed to a hypotonic solution (50% dilution of Tyrode solution by water) containing 2.5 mM FM1-43. Membrane blebbing was observed with a laser confocal microscope.

**Treatment with the proteasome inhibitor MG-132**

Human and mouse fibroblasts were seeded onto 24-well plates and glass-bottom dishes. Semi-confluent cells were treated with three concentrations (10 nM, 100 nM and 1 µM) of MG-132 (Peptide Institute) for 24 hours in a CO~2~ incubator. Cells were subjected to the quantification of dysferlin protein by immunoblotting or membrane blebbing assay.

Results
=======

**Dysferlin protein expression in fibroblasts.**

Northern blot analyses previously revealed that dysferlin transcripts are ubiquitously expressed [@ref1], however, it remains unclear whether the dysferlin protein is expressed in fibroblasts. To investigate dysferlin protein expression in human and mouse skin fibroblasts, lysates were prepared from cultured fibroblasts and subjected to SDS-PAGE followed by immunoblotting. The dysferlin antibody (NCL-Hamlet) used for immunoprobing has been reported to react with both human and mouse dysferlin [@ref9]. Dysferlin was detected in skin fibroblasts from both normal humans and wild-type mice, whereas it was barely detectable in fibroblasts from dysferlinopathy patients (patient 1 and 2, Fig. 1). In accordance with a previous report [@ref10], SJL/6J mouse fibroblasts expressed a truncated 229-kDa dysferlin protein at lower levels compared with full-length dysferlin in the fibroblasts of wild-type mice (Fig. 1).

**Table 1: DYSF mutations in the human fibroblasts**Fibroblast cultureMutationPredicted proteinPredicted MWNormal controlNo mutationNo mutaion237 kDaPatient 1c.2997 G\>T homozygoteW999C237 kDaPatient 2c.1566C\>G c.5698_5699delAGY522X S1900Qfs57.7 kDa 217 kDa

Immunoblot analysis of human and mouse fibroblasts using an anti-dysferlin antibodyNormal 237-kDa dysferlin was detected in control human and wild-type mouse fibroblasts. Dysferlin was expressed at a very low level in fibroblasts from a dysferlinopathy patient, whereas a smaller 229-kDa dysferlin was detected in SJL/6J mice.Fig1

**Subcellular localization of dysferlin in fibroblasts**

To examine the subcellular localization of dysferlin, fibroblasts were immunolabeled using anti-dysferlin antibody. Dysferlin was observed as cytoplasmic vesicles in fibroblasts from normal humans and both wild-type and SJL/6J mice (Fig. 2). Unlike human myotubes [@ref11], wild-type dysferlin was not directed to plasma membrane in human and mouse fibroblasts. In accordance with the results of immunoblotting (Fig. 1), the immunoreaction to dysferlin was extremely low in the patient fibroblasts (Fig. 2).

Immunostaining of human and mouse fibroblasts using anti-dysferlinCytoplasmic staining of dysferlin is seen in fibroblasts from control humans, wild-type mice, and SJL/6J mice, whereas dysferlin staining was barely detectable in fibroblasts from the patients. Scale bars, 20 µm.Fig2

**Membrane repair in fibroblasts**

To examine the membrane repairing capabilities of the fibroblasts, we performed the membrane repair assay using a UV-laser. Normal human and mouse fibroblasts show focal and limited accumulation of FM1-43 after UV-laser irradiation, indicating complete membrane repair (Fig. 3 and 4). By contrast, fibroblasts from patients and SJL/6J mice showed continuous entry of FM1-43 into the cells, indicating attenuated membrane repair (Fig. 3　and 4). These results indicate that mutations in the dysferlin gene lead to defective membrane repair in fibroblasts, which is similar to what is observed in myofibers.

Membrane repair assay of human and mouse fibroblastsThe panel shows entry of the FM 1-43 dye after laser wounding in human and mouse fibroblasts. Scale bars, 20 µm.Fibro Fig3

Quantification of FM1-43 dye influx after laser injuryTime course relative fluorescence intensity of FM1-43 at wounded site. Data are presented as means ± S.D.(error bars). Number of laser-induced injuries; n=5.Fig3B

**Dysferlin-dependent membrane blebbing in fibroblasts**

Sweeney *et al.* reported that membrane blebbing that occurs in response to hypotonic shock requires the presence of dysferlin in human and mouse cultured myotubes [@ref5]. These results suggest that fibroblasts expressing dysferlin might also form membrane blebs. To test this possibility, we performed the membrane blebbing assay using human and mouse fibroblasts. Fibroblasts from normal humans and mice show membrane blebs after 10-20 seconds of exposure to hypotonic shock (Fig. 5), similarly to myotubes [@ref5]. In contrast, no blebs were observed in the fibroblasts from the dysferlinopathy patients, and few blebs were observed in SJL/6J mice (Fig. 5 and 6). These results demonstrate that mutations in the dysferlin gene lead to defective membrane blebbing in response to hypotonic shock in fibroblasts, which is similar to what is observed in myotubes.

Membrane blebbing assay of human and mouse fibroblastsHypotonic shock using Tyrode buffer diluted by 50% with water was performed in the presence of FM1-43. Membrane blebs are not observed in the mutant fibroblasts from a patient. Both wild-type and mutant fibroblasts with endocytic uptake of FM dye showed increased fluorescence intensity in the intracellular space. Scale bars, 20 μm.Fig.4A

Quantification of membrane bleb formation in response to hypotonic shockBar graph depicting the percentage of cells manifesting blebs after osmotic shock (n=30). Data are presents as means ±s.d.Fig4B

**A proteasomal inhibitor increases protein levels of truncated or mis-sense mutated dysferlin**

Sinnreich *et al.* reported that proteasomal inhibitors such as bortezomib and lactacystin improve the expression level of R555W mutant dysferlin in cultured human myoblasts [@ref6]. However, it remains unclear whether proteasomal inhibitors are effective in improving the expression level of truncated or other mis-sense mutated dysferlin in fibroblasts. Hence, we treated fibroblasts with the proteasomal inhibitor MG-132, and quantified the protein levels of dysferlin by immunoblot analysis. NCL-Hamlet, the antibody that we used for immunoblotting recognizes an epitope at the C-terminus of human dysferlin (amino acids (aa) 1999-2016, corresponding to aa 1988-2005 of mouse dysferlin), and can detect truncated dysferlin lacking the C2E domain (aa 1603-1689) expressed in SJL/6J mice [@ref10]. We also used NCL-Hamlet-2 that recognizes amino acids 349-366 of human dysferlin to detect mutant dysferlin in patient 2. Inhibition of the proteasome pathway using MG-132 lead to elevated protein levels of wild- type, truncated and mis-sense mutated dysferlin in the fibroblasts, but not in the fibroblast from patient 2 with non-sense and frame shift mutations (Fig. 7 and 8). Our results demonstrate that normal, truncated and mis-sense mutated dysferlin are degraded by the proteasome. No notable effects on viability were detected as a result of the increased levels of dysferlin in the wild-type fibroblasts.

Immunoblot analysis of human and mouse fibroblasts after the treatment with proteosomal inhibitorSemiconfluent culture of human and mouse fibroblasts were treated with increasing concentration of the proteasomal inhibitor MG-132. Anti-dysferlin and anti-GAPDH antibodies were used for immunoblotting.Fig5A

Relative dysferlin levels upon MG-132 treatmentRelative dysferlin protein expression levels upon MG-132 treatment. Protein levels were measured by densitometric analysis. GAPDH was used as a loading control, and y axis shows the ratio between dysferlin and GAPDH (n =5). Data are presents as the means ± s.d.Fig.5B

**Truncated or mis-sense mutated dysferlin can restore membrane blebbing**

To examine whether the mutant dysferlin salvaged by MG-132 is biologically functional, we performed blebbing assay using MG-132-treated fibroblasts. MG-132-treated fibroblasts from patient 1 and SJL mice showed recovery of membrane blebbing in a dose-dependent manner (Fig. 9). In contrast, MG-132-treated fibroblast from patient 2 did not form membrane blebbing inresponse to hypotonic shock (data not shown).

Membrane blebbing assay using MG-132-treated fibroblasts from the patients and SJL miceBar graph depicting the percentage of cells manifesting blebs after osmotic shock (n=30). Data are presents as means ±s.d. Mis-sense mutated dysferlin recovered membrane blebbing as similar to truncated dysferlin in SJL mice.Fig.6

Discussion
==========

Mutations in *DYSF* cause progressive muscular dystrophies that present clinical symptoms exclusively in skeletal muscles. For this reason, myoblasts and myotubes are used for studying dysferlinopathy. Previously, McNally *et al.* reported that dysferlin-null fibroblasts accumulated transferrin and acidic vesicles labeled with LAMP-2 similar to myoblast, however, they did not examine the capability of membrane repair in dysferlin-null fibroblasts [@ref12]. Here, we demonstrate that normal fibroblasts express the dysferlin protein, whereas those from a dysferlinopathy patient and SJL/6J mice show decreased dysferlin protein levels as well as insufficient membrane repair, similar to that observed in dysferlin-deficient myotubes. This is the first report about attenuated membrane repair in dysferlinopathy fibroblast. There are many reports about attenuated membrane repair in dysferlinopathy skeletal muscle [@ref4] ^,^ [@ref13]and heart [@ref14], whereas, the ability of membrane repair in dysferlinopathyt fibroblasts have not been explored.

Skin biopsies are performed for diagnosis of merosin negative congenital muscular dystrophy [@ref15], Ullrich congenital muscular dystrophy [@ref16] and dystrophinopathy [@ref17]. Fibroblasts established from skin biopsy were myogenically converted by MyoD, and were used for study of the dysferlinopathy treatment [@ref18] ^,^ [@ref19]. Our results indicate that fibroblasts can be utilized for membrane resealing and blebbing assays to examine whether pharmaceutical candidate compounds restore mutant dysferlin. In addition, diagnosis of dysferlinopathy by immunoblot analysis of skin biopsies is possible.

A previous report revealed that dysferlin is localized in the basal layer of the epidermis, using immunohistochemical analysis [@ref20]. In our present study, we showed that dysferlin is expressed in cultured skin fibroblasts from both humans and mice, however, there are no reports of skin abnormalities in dysferlinopathy patients or SJL mice. McNeil *et al.* reported that the percentage of wounded cells in the skin is 3-6%, which is lower than that in skeletal muscle (5-30%) [@ref21]. These results may help explain the absence of clinical symptoms in the skin of patients with dysferlinopathy.

We also showed that MG-132 increases the protein levels of truncated or W999C mis-sense mutated dysferlin in fibroblasts. Sinnreich *et al.* showed that proteasome inhibitors restored expression level and biological function of mutant dysferlin in myotubes from a patient carrying the R555W missense mutation, however, there was no significant improvement in the protein expression level of non-sense mutated dysferlin (R1607X) [@ref6] . In accordance with previous report, our results indicated that proteasome inhibitor improved expression level and biological function of mis-sense mutated W999C dysferlin and that proteasomal inhibition was not effective in increasing frame-shift or non-sense mutated dysferlin protein levels. Universal Mutation Database for Dysferlin (UMD-DYSF, v1.4 June 16 2015, http://www.umd.be/DYSF) list 416 disease-causing mutations identified in 843 patients worldwide. UMD-DFSF indicates that approximately 34% of these patients carry mis-sense mutations. Treatment with proteasome inhibitor would be effective a one-third of dysferlinopathy patients.

We previously reported that the transmembrane domain of dysferlin is necessary to increase the protein levels of dysferlin deletion mutants in COS-7 cells [@ref22]. Consistent with this report, in the absence of a proteasome inhibitor, the truncated dysferlin protein with a transmembrane domain in SJL/6J mice [@ref10] was expressed at higher levels than truncated human dysferlin (R1607X) lacking the transmembrane domain [@ref6] .

In conclusion, fibroblasts from dysferlinopathy patients and SJL mice showed attenuated membrane repair, and could be a research tool to monitor the effects of drug candidate including proteasome inhibitors on mutant dysferlin.
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